Research has shown that the hypomagnetic field (HMF) can affect embryo development, cell proliferation, learning and memory, and in vitro tubulin assembly. In the present study, we aimed to elucidate the molecular mechanism by which the HMF exerts its effect, by comparing the transcriptome profiles of human neuroblastoma cells exposed to either the HMF or the geomagnetic field. A total of 2464 differentially expressed genes (DEGs) were identified, 216 of which were up-regulated and 2248 of which were down-regulated after exposure to the HMF. These DEGs were found to be significantly clustered into several key processes, namely macromolecule localization, protein transport, RNA processing, and brain function. Seventeen DEGs were verified by real-time quantitative PCR, and the expression levels of nine of these DEGs were measured every 6 h. Most notably, MAPK1 and CRY2, showed significant up-and down-regulation, respectively, during the first 6 h of HMF exposure, which suggests involvement of the MAPK pathway and cryptochrome in the early bio-HMF response. Our results provide insights into the molecular mechanisms underlying the observed biological effects of the HMF. hypomagnetic field, geomagnetic field, transcriptome profile, massively parallel sequencing, MAPK1, CRY2
Many vertebrates, such as migratory birds and sea turtles, can sense the Earth's magnetic field (geomagnetic field, GMF) for positional and directional information during long-distance migration [1, 2] . Previous studies have shown that without the local GMF, the hypomagnetic field (HMF) interferes with many biological functions. Exposure to the HMF has been shown to have adverse effects on embryonic development and brain function [35] . HMF exposure has also been shown to lead to increased occurrences of developmental abnormalities in the newt and Xenopus laevis [6, 7] , alteration of the vocal behavior [8] and circadian rhythm of birds [9] and rats [10] , dysfunction in the learning and memory of Drosophila and chicks [1113] , and a reduction in stress-induced analgesia in mice [1416] . There are reports indicating that even short-term HMF exposure can increase the number of errors and the task processing time of human subjects during learning [17] . Given that the HMF is a key environmental factor of outer space, increasing research attention is being directed toward understanding the biological effects of the HMF, as this knowledge may lead to improvements in healthcare for astronauts [5, 18] . At the cellular and molecular level, in vitro and in vivo studies have shown that cell cycle progression, tubulin assembly, DNA super condensation and H 2 O 2 production are potential targets of the HMF [1823] . Based on the radical-pair reaction theory, cryptochrome genes (CRYs) have been proposed to be the putative magnetoreceptor genes, which enable an organism to detect magnetic fields [2426] .
Nevertheless, the importance of CRYs in determining the effects of HMF has not been examined in animal cells. Thus, although the biological effects of the HMF are becoming more well-documented, the cellular and molecular mechanisms underlying the effect of the HMF remain unclear.
Quantitative transcriptomic methods are widely used for understanding and assessing changes in cellular and molecular activity in response to changes in the environment [27, 28] . Massively parallel sequencing technology, namely deep sequencing, is a powerful method for investigating DNA expression patterns. This technology has most recently been used to evaluate transcriptomic changes in mosquitoes under different environmental conditions, screen for the pathways involved in neurodevelopment and neurodegeneration, predict drug resistance genes for hepatitis, and understand the cellular mechanisms involved in irradiationinduced tumorigenesis [2932] . Deciphering the transcriptomic responses to HMF exposure would allow for the identification of key genes involved in the processes of HMF-response/GMF-adaptation, and may ultimately lead to the development of effective counter-measures to prevent the adverse effects of the HMF.
We previously found that 2 d of exposure to the HMF accelerates the proliferation of human neuroblastoma cells (SH-SY5Y cell line), and predicted that the G1/S transition plays an important role in the bio-HMF response [18] . In the present study, to identify the HMF responding genes in neuronal cells, we collected RNA samples from SH-SY5Y cells after 2 d of culturing in a permalloy magnetic shielding system, where they were exposed to either the HMF (<200 nT) or GMF (~15 μT), after which the RNA was sent for massively parallel sequencing based on Illumina/Solexa sequencing [33] . Compared to controls, 2464 differentially expressed genes (DEGs) were identified, of which 216 were up-regulated and 2248 were down-regulated. Real-time quantitative PCR (RT-qPCR) was used to identify and verify the DEGs. Also, the dynamic expression changes of selected DEGs during the incubation period were measured. Our results provide some insight into the mechanisms underlying the effects of the HMF.
Materials and methods

The HMF condition
The HMF cell culture conditions were established using a GMF shielding system, as described previously [18, 34] . The decay efficiency of the GMF shielding box for the DC magnetic field was ~40 dB. The HMF-exposed cells were cultured in an environment with a residue magnetic field lower than 200 nT (111.1±14.9 nT). The control cells were incubated in an environment where the average intensity of magnetic field was 15.1±2.2 μT. The decay efficiency of the GMF shielding box for the AC magnetic field was ~34 dB. The AC field in the control environment was 575.7±29.1 nT. The AC field inside the GMF shielding box was 12.0±0.0 nT. The predominant frequency was 50 Hz. The incubation conditions (37°C, 5% CO 2 and >95% relative humidity) were unified by air circulation between the GMF shielding chamber and the control space. The DC magnetic fields were measured using an APS Model 520 3-Axis Fluxgate Magnetometer (Applied Physics Systems, USA). The ambient AC fields were measured using a CCG-1000 induction alternative magnetometer (National Institute of Metrology, China). The predominant AC field frequency was checked using a Textronics TDS 2014 digital real-time oscilloscope (Tequipment.NET, USA). The cell incubation conditions were identical to those described previously [18] .
Cell culture
Human neuroblastoma cells (SH-SY5Y cell line; China Cell Resource Confederation) were maintained in DMEM (High D-glucose) (Gibco/Invitrogen, USA) supplemented with 10% fetal bovine serum (FBS; PAA Laboratories, Austria), 100 unit mL 1 penicillin and 100 µg mL 1 streptomycin (Gibco/Invitrogen) as a monolayer in petri dishes (NEST Biotechnology, China), and the medium was replaced every 2 d. Cells were detached at sub-confluence with trypsin-EDTA solution (0.25% Trypsin, 0.25% EDTA; Sigma-Aldrich, USA) and re-seeded for subsequent steps.
RNA extraction
Cells were seeded at 1.5×10 4 cm 2 in 60 mm petri dishes and transferred to the HMF/GMF immediately. Total RNA was extracted using TRIzol reagent (Invitrogen), following the manufacturer's instructions. RNA samples were dissolved in diethylpyrocarbonate-treated water (DEPC; Sigma-Aldrich), and the concentrations were determined spectroscopically with a Biophotometer (Eppendorf, Germany). Total RNA from four parallel experiments was used for Solexa sequencing. RNA samples from three parallel experiments at each time point were collected for dynamic gene expression analysis.
Solexa sequencing
Total RNA (20 μg) samples were sent to the Beijing Genomics Institute (BGI) for Solexa sequencing (commercial service). Initially, poly(A) mRNA molecules were purified from total RNA samples by poly(T) oligo-attached magnetic beads, and double-stranded cDNA was synthesized with an oligo(dT) primed reverse-transcript reaction. The cDNA molecules were fragmented with restriction endonucleases Nla III and Mme I. The fragments were precipitated with magnetic beads and adaptors were added to the 3′ and 5′ ends of each fragment, generating the sequencing tags. Purified single-strand tag molecules were loaded and fixed on a Solexa sequencing chip (flowcell) for Solexa sequencing on a genome analyzer (Illumina, USA). Mono-molecule clusters were generated by in situ amplification and sequenced with the sequencing by synthesis method.
Gene annotation
Before gene annotation, empty reads (adaptor sequence only), low-quality reads (unknown nucleotide), substandard-length reads, and single copy reads were filtered out. The clean tags were mapped to the human genome sequence NCBI build 36.3 by SOAP [35] , allowing no more than two mismatches (Shanghai Qiming). The copy numbers of genes mapped by unambiguous tags (one tag onto one gene) were also determined using the software package SOAP. The expression levels of the annotated genes in the HMF and GMF samples were examined using the false discovery rate (FDR) modified Poisson distribution assay. The DEGs were screened using the cutoffs of |log 2 Ratio|1 and FDR0.001 [36, 37] . The relationship graph of the selected DEGs was plotted using Medusa software [38] .
Gene ontology (GO) analysis
GO analysis was applied to analyze the main functions of the DEGs according to the Gene Ontology database (http://www.geneontology.org/) [39, 40] . Generally, Fisher's exact test and  2 test were used to classify the GO category. The FDR was calculated to correct the P-value [41] . P-values for the GOs of all the DEGs were calculated. Enrichment provided a measure of the significance of the function: as the enrichment increased, the corresponding function is more specific, allowing for the identification of GOs with more concrete function descriptions. Within the significant category, the enrichment Re was given by Re=(n f /n)/(N f /N), where n f is the number of DEGs within the particular category, n is the total number of genes within the same category, N f is the number of DEGs in the entire expression profile, and N is the total number of genes in the expression profile [42] .
Pathway analysis
Pathway analysis was used to identify the significant pathways of the DEGs according to the Kyoto Encyclopedia of Genes and Genomes (KEGG) (http://www.genome.jp/ kegg/), Biocarta (http://www.biocarta.com/) and Reactome (http://www.reactome.org) databases. Fisher's exact test and  2 test were used to select the significant pathway, and the threshold of significance was determined at P<0.05.
The enrichment, Re, was calculated as per the equation above [4345].
qPCR analysis
In brief, a first-strand cDNA fragment was synthesized from total RNA using an EasyScript First-Strand cDNA Synthesis SuperMix (TransGen Biotech, China). The gene specific primers were designed by PrimerBank (http://pga.mgh. harvard.edu/primerbank) [46] and synthesized commercially (Shanghai Sangon Biological Engineering Technology & Services). The primers are listed in Table 1 . The 20 μL qPCR samples were run in triplicate on an MJ Research Chromo4 detector (Bio-Rad Laboratories, USA) and Opticon Monitor2 software using 1 μL first-strand cDNAs and TransStart Green qPCR SuperMix UDG kit (TransGen Biotech). Thermal cycling was performed at an initial UDG incubation step at 50°C and a UDG inactivation step at 94°C, and then subjected to 45 cycles of 15 s denaturing at 95°C, 30 s at annealing temperature, and 30 s extension at 72°C. Since α-tubulin was not differentially expressed, the relative quantitation of gene expression was normalized to α-tubulin ( Figure S1 in Supporting Information).
For the verification of the expression of the DEGs, the cDNA templates were prepared with the individual total RNA samples, which were the same for the mixture sent for Solexa sequencing. DEGs that showed consistent changes in at least three samples of the parallel experiments were considered as verified. For the evaluation of the dynamic expression patterns of selected DEGs, total RNA samples were collected in the HMF and GMF at 6, 12, 18, 24, 30, and 36 h. The expression of HMF sample genes was normalized to the corresponding GMF control. The fold change in the dynamic gene expression assay was plotted against the sampling time.
Statistical analysis
Each experiment was repeated at least twice with triplicate samples for the qPCR assay. Means are expressed as mean± standard error of the mean (SEM). One-way ANOVA was applied for mean comparison. Differences were considered to be significant when P<0.05.
Results
Solexa sequencing
After 2 d of exposure to either the HMF or GMF, RNA samples were collected for Solexa sequencing. 5.39 million 35 bp raw reads were generated from the mixture sample of the HMF group, and 7.97 million raw reads were generated from the mixture sample of the GMF group, until the per- (Table 2) . It should be noted that after 2 d of incubation, there were significantly more cells in the HMF group compared to the GMF control group (P=0.03) ( Figure S3 in Supporting Information).
Identification of DEGs
After exposure to the HMF, based on the DEG screening criteria, 216 genes were found to be up-regulated and 2248 down-regulated (Figure 1 ). The general gene ontogeny (GO) analysis of the DEGs is presented in Figure 2 . The main functions of the up-regulated genes were related to transport of ions and neurotransmitters (26%), metabolic processes (20%), cell proliferation and development (16%), immuno- logical responses (12%), and transcriptional regulation (12%) (Figure 2A ). The main functions of the down-regulated genes were related to transcriptional and translational regulation (21%), cell adhesion and migratio n (14.9%), metabolic processes (11.3%), transport of biomolecules (10.3%), cell proliferation and apoptosis (10.3%), signal transduction (11.3%), and brain function (8.2%) ( Figure 2B ). By limiting the mapping category to the terms "cell proliferation" and "apoptosis", six up-regulated terms and 35 down-regulated terms were mapped (Figure 3 ). Of the terms that were positive for cell proliferation (19.5%), all of the associated genes were down-regulated. Of the terms that were negative for cell proliferation (31.7%), the associated genes were either up-or down-regulated. Using pathway analysis, nine up-regulated pathways and 57 down-regulated pathways were identified (Figure 4 ). The up-regulated pathways related to metabolic pathways (8/9) and the notch signaling pathway (1/9). The main downregulated pathways were related to metabolic pathways (14/57), signaling pathways (12/57), brain function (9/57), cancer pathways (8/57), and adhesion and the regulation of the assembly of the cytoskeleton (6/57).
Verification of DEGs
We verified the expression of 30 DEGs with functions closely related to the main clustered GO annotations and pathways (Table 3) , with the individual HMF and GMF RNA samples for the sequencing analysis. The expression of 17 genes were in agreement with the sequencing results ( Figure 5 ). Of these 17 verified DEGs, MAPK1 was found to be involved in 30 significantly clustered down-regulated pathways. The remaining DEGs were involved in no more than two pathways (Table S1 in Supporting Information).
Dynamic mRNA expression
The dynamic mRNA expression patterns of nine validated DEGs (CRY2, CCAR1, CCNI, E2F3, TCF7L2, TOP2A, SAP18, SAP30, and MAPK1), which are more closely related to the terms "cell proliferation" and "magnetoperception" than the other DEGs, were measured during the 2 d of exposure to the HMF. During the first 24 h of incubation, the expression of MAPK1, CCAR1, and CCNI initially increased before gradually decreasing ( Figure 6A ). Over this same 24-h timeframe, the expression of CRY2, E2F3, TCF7L2, and TOP2A was initially repressed, but then gradually increased and in some cases surpassed control levels of expression ( Figure 6B ). The changes in the expression of MAPK1 and CRY2 were the most striking. The expression of CCAR1, CCNI, and TOP2A was generally unaffected from 24 to 36 h in the HMF ( Figure 6A and B) . After 30 h of HMF exposure, the expression of SAP18 and SAP30 varied dramatically ( Figure 6C ). The expression of MAPK1, CRY2, E2F3 and TCF7L2 was repressed after 24 h in the HMF, but after 36 h, the expression of TCF7L2 had recovered to control levels ( Figure 6B ), and MAPK1 ex-pression levels had significantly exceeded control levels ( Figure 6A) . We plotted the relationships between the nine validated DEGs ( Figure 7) . As the function of CCNI and CRY2 in the cell proliferation network is not fully documented in the protein interaction network databases (BIND, BioGrid, HPRD, etc.) [36] , the two genes are not shown in the relationship graph. Figure 7 shows that MAPK1 plays a central role in the expression regulation network of the verified DEGs, and suggests that the regulation of chromatin conformation and deacetylation might greatly contribute to the down-stream regulation of transcription and cell proliferation.
Discussion
HMF exposure regulates multiple aspects of cell activities
There is limited research published on the molecular mechanisms underlying the effects of the HMF. In this study, gene ontology (GO) and pathway analysis provided useful information about the response of human neuroblastoma (SH-SY5Y) cells to the HMF. We identified that the genes most significantly affected by the HMF were related to metabolic processes, cytoskeleton-related functions, signal transduction and brain function, and that the expression of most of these genes was repressed. Genes related to neurotransmitter transport were positively enriched, whereas genes related to neuron and neural crest cell migration, learning and memory, locomotion, and synaptic transmission were negatively enriched (Figure 2) . These results are consistent with the reported adverse effects of the HMF on the central nervous system (CNS) [5] .
By focusing on the terms "cell proliferation" and "apoptosis", we were able to gain a better understanding of the regulation of cell growth in the HMF. Most of the genes associated with cell proliferation, cell death, apoptosis, cell morphology, cell division, DNA regulation, and cell fate determination were down-regulated. After being exposed to the HMF for 2 d, many processes that negatively regulate cell proliferation were suppressed; however, none of the processes that were positive for cell proliferation were up-regulated (Figure 3) . We therefore hypothesize that the effect of the HMF is triggered by negative feedback regulation.
The results of the pathway analysis indicated that many metabolic pathways were significantly affected after exposure to the HMF (Figure 4) . Pathways related to cytoskeleton assembly, cell adhesion, signal transduction, and brain function and disease were down-regulated (Figure 4 ). In particular, the notch pathway, which is known to play a critical role in embryonic development, cytoskeleton regulation and the regulation of cell death under metabolic stresses [47] , was found to be up-regulated. The extent to which cellular processes are affected by HMF exposure suggests that the HMF targets many functions and signaling pathways.
Novel clues to the molecular mechanism underlying the bio-response to HMF
The functions of the 17 validated DEGs provides a detailed view of the effect that 2 d of HMF exposure has on gene expression, as most of the expression changes were associated with cell proliferation and related functions, such as cell cycle, transcription and epigenetic regulation (Table 3, Figure 5 ). The expression of ATF1 [48, 49] , TCF7L2 [50, 51] and CCNI [52] (which positively influence cell proliferation) were the most strongly affected, and included 75% of the up-regulated genes. The promotion of G1-phase progression plays an important role in the HMF effect on cell proliferation [18] , as an up-regulation of E2F3 (an important G1/S transition regulating gene [53] ) was observed during the 2 d of HMF exposure. The decreased expression of the transcription regulators, E2F3 and CCAR1, provide a clue to the mechanism behind the extensive transcription repression that accompanied the increase in cell proliferation ( Figure  5 ). The dynamic expression changes of CCAR1 during the early incubation period (12-18 h) ( Figure 6 ) suggest that the HMF might affect hormone-induced transcriptional regulation processes [54, 55] , as this is the primary function of CCAR1. Expression changes were also verified in genes that are involved in genetic material modification and epigenetic control of gene expression, such as chromatin condensation (TOP2A) [56, 57] , histone acetylation [58] (SAP30 and SAP18 [59, 60] ), and alternative splicing (SRSF2IP [61, 62] ). Illustrating the relationship among these genes, namely the molecular network leading to changes in cell proliferation (Figure 7) , as well as tracing the changes in gene expression during exposure to the HMF, will be helpful for our understanding of their roles.
Various cytoskeletal and photoreceptor proteins have previously been shown to respond to changes in the magnetic field, and as such, are referred to as magnetoreceptors [19, 24] . We have found that the expression of two cytoskeleton-related genes, WASL and MSN, were down-regulated after 2 d of exposure to the HMF. WASL is an activator of the Arp2/3 complex leading to actin nucleation and is highly expressed in neural tissues [63] . MSN plays a crucial role in organizing membrane domains and provides structural links to strengthen the cell cortex [64] . Our results provide further evidence to support the hypothesis that the cytoskeleton can respond to magnetic fields [65] . The downregulation of CYP51A1 (one of the cytochrome P450 super family enzymes [66, 67] ) and CRY2 (a blue-light photoreceptor protein and a putative magnetoreceptor gene [2426]) suggests that redox reactions and light-perception processes are involved in the bio-HMF response. As such, our results provide a link between the transcriptional changes that occur during exposure to the HMF and the putative magnetoreceptors that have previously been reported [19, 24] .
Of the 15 DEGs related to brain function (PPM1B, CLN6, DOCK7, GMFB, HTR1D and CRY2), intracellular transport (P2REX3, TPT1 and VCP) and signal transduction (MAPK1, RAPGEF2, TGFB1, GSK3B, CALM and PPP1R2A), only five (GMFB, HTR1D, CRY2, MAPK1 and RAPGEF2) were verified in the individual samples (Table 3 , Figure 5 ), indicating an inconsistent response of these unverified genes to the HMF treatments. The variation in gene expression may be the result of small variations in the magnetic field of the HMF condition, which is difficult to abolish even within the small area that is used for cell culture ( Figure S4 in Supporting Information). This 'noisy' background of treatments may also mask the importance of the verified changes.
Finally, as the GMFB gene (involved in reactive glia inflammation [68] ) and HTR1D gene (a serotonin receptor, and associated with depression [69, 70] ) were found to be down-regulated, inflammatory responses and the serotonin pathway may play a role in the bio-HMF response. The down-regulation of RAPGEF2 (the key link between cell surface receptors and RAS activation [71] ) and MAPK1 (an integration point for multiple biochemical signals [72] ) suggests that the Ras and MAPK pathway may also be affected by the HMF.
Sequential changes in gene expression
The dynamic response of selected DEGs indicates that cells respond very quickly to the changes in the magnetic environment. Previous research has shown that following seeding, cells experience an "early stationary phase" (involving a short period of adhesion followed by a stabilization period), after which they begin a logarithmic growth phase of proliferation [73] . As the cells were transferred to the HMF immediately after seeding, our results suggest that cells are sensitive to magnetic field changes within the early stationary stage. As such, it is not surprising that cell adhesion, cytoskeleton assembly, and biomolecule synthesis were affected by HMF exposure, as these processes are involved in the early stationary stage. Further support for this interpretation can be gleaned from the GO analysis, pathway analysis, and the dynamic expressions of the selected DEGs.
Within 6 h of the HMF exposure, 66% of the DEGs had undergone an alteration of their expression patterns compared with the control environment, including a rapid increase in the expression of MAPK1, suggesting that exposure to the HMF had a substantial influence on human neuroblastoma cells. While cells start to enter the logarithmic growth phase 18-30 h after seeding, previous research has shown that the progress of the cell cycle is more apparent in the 12-30 h period, compared with the 30-48 h period [18] . Therefore, the events that occur during this period are closely correlated with the pro-proliferative effect of the HMF. During the logarithmic growth phase between 18-30 h, we also observed a decrease in the expression of 77% of the DEGs, including a repression of MAPK1 expression, which may be a compensatory response to the earlier rapid increase. In concert, these gene expression changes caused an acceleration of cell proliferation in the HMF.
From 30-48 h, the effect of the HMF on cell cycle progression weakened (G1-phase and S-phase) and in some cases even reversed (G2/M-phase). A short-term fluctuation from 32-36 h at S-phase was recorded in the HMF [18] . This event was very similar to the sudden expression change of MAPK1. Since MAPK1 was involved in 30 significantly enriched pathways (Table S1 in Supporting Information), it is possible that it acts as a central effector of the HMF signal during the early period of exposure, as indicated by the gene relationship graph (Figure 7) .
The expression of CRY2 was initially reduced (6 h), which was followed by a rapid increase (12-18 h) and then a gradual decrease (24-48 h), indicating that CRY2 is involved in cell growth, as these time periods correspond to the early stationary stage and logarithmic growth phase. Investigations into clock genes have shown that the environmental light signals can be sent to the transcriptional machinery through the MAPK signaling pathway via the CRY genes [74, 75] . Accelerated cell cycle progression of Cry-deficient fibroblasts has been observed in earlier studies [76] . It is reasonable to hypothesize that CRY can transduce the magnetic field signal using similar molecular pathways. Detailed structural and biochemical analysis of CRY proteins would elucidate how they may respond to changes in the magnetic environment.
Although the expression levels of the validated DEGs were in agreement with the sequencing results, we noticed that the fold change of some DEGs in the verification experiments was much lower than what was predicted by the sequencing data ( Figure 5, Table 3 ). On the other hand, the fold change was also higher for some genes, namely TCF7L2 (18 and 48 h), CCAR1 (30 h), SAP18 (30 h) and SAP30 (30 h). The variation of the GMF control might be the reason for this phenomenon. By comparing the magnetic field distributions of the GMF control shelf and the HMF chamber ( Figure S4 in Supporting Information), we found the variation in the control group to be higher than that we observed in the HMF. Although the size of the petri dish (60 mm diameter) is small, the static magnetic field was not evenly distributed throughout this area. Furthermore, though the dishes containing cells in the control (GMF) environment were stacked in one place, the magnetic field at the bottom of each dish was found to vary. This variation could be a factor causing a relative large error bar in the gene sensitive to changes in the local magnetic field ( Figure S4 in Supporting Information). In the future, the culture location of the GMF sample should be fixed, as should the time at which the work is conducted. In addition, the magnitudes of the AC fields were also different between the GMF and HMF conditions. Considering the fact that the AC magnetic field could affect the signal transduction in the MAPK pathway [77, 78] , conducting experiments to discriminate between the effects of the AC and DC magnetic fields will add to our understanding of the mechanisms underlying the effects of the HMF.
Conclusion
By using massively parallel sequencing, 17 HMF-responding DEGs were identified from RNA samples after being exposed to the HMF for 2 d. We found that HMF exposure significantly affect the transcription of genes related to macromolecule transport, metabolic process and mRNA processing, and to the subsequent pathways involved in the organization of the cytoskeleton, regulation of chromatin condensation, transcription, and brain function. Dynamic changes in the expression of DEGs, especially in MAPK1 and CRY2, were found during the first 24 h of HMF exposure, suggesting the involvement of the MAPK pathway and cryptochromes in mediating the HMF effect.
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Supporting Information
Figure S4
The magnetic field conditions for cell culture. The distributions of the magnetic fields in the magnetic shielding box (A) and the bottom layer of the control shelf (B) were plotted according to the vector sum of the magnetic field measurements. The HMF exposed cells were incubated at places with residue magnetic field lower than 200 nT (the white dashed rectangles). The control cells were incubated at places with magnetic fieldshigher than 13 μT (the blue dashed rectangles).
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